Zhang D, Xi Y, Coccimiglio ML, Mennigen JA, Jonz MG, Ekker M, Trudeau VL. Functional prediction and physiological characterization of a novel short trans-membrane protein 1 as a subunit of mitochondrial respiratory complexes. Physiol Genomics 44: 1133-1140 , 2012 . First published October 16, 2012 doi:10.1152/physiolgenomics.00079.2012.-Mitochondrial respiration is mediated by a set of multisubunit assemblies of proteins that are embedded in the mitochondrial inner membranes. Respiratory complexes do not only contain central catalytic subunits essential for the bioenergetic transformation, but also many short trans-membrane subunits (sTMs) that are implicated in the proper assembly of complexes. Defects in sTMs have been discovered in some human neurodegenerative diseases. Here we identify a new subunit that we named Stmp1 and have characterized its function using both computational and experimental approaches. Stmp1 is a short trans-membrane protein, and sequence/structure analysis revealed that it shares common features like the small size, presence of a single or two TM region, and a COOH-terminal charged region, as many typical sTMs of respiratory complexes. In situ hybridization and RT-PCR assays showed that the Stmp1 expression is ubiquitous throughout zebrafish embryogenesis. In adults, Stmp1 expression was highest in the brain compared with muscle and liver. In zebrafish larvae (3-5 days postfertilization), antisense morpholino oligonucleotide-mediated knockdown of the Stmp1 gene (Stmp1-MO) resulted in a series of mild morphological defects, including abnormal shape of head and jaw and cardiac edema. Larvae injected with the Stmp1-MO had negligible responses to touch stimuli. By ventilation frequency analysis we found that Stmp1-MO-injected zebrafish displayed a severe dysfunction of ventilatory activities when exposed to hypoxic conditions, suggesting a defective mitochondrial activity induced by the loss of Stmp1. Phylogenetic profiling of known respiratory sTMs compared with Stmp1 revealed that all defined sTMs from four respiratory complexes have restricted or variable phyletic distribution, indicating that they are products of evolutionary innovations to fulfill lineagerelated functional requirements for respiratory complexes. Thus, being present in animals, filasterea, choanoflagellida, amoebozoa, and plants, Stmp1 may have evolved to confer a new or complementary regulation of respiratory activities.
IN MOST EUKARYOTIC CELLS, cellular respiration is responsible for the production of adenosine triphosphate (ATP), the primary chemical energy form. The reaction takes place in the mitochondrial inner membrane and is coupled to an electron transport chain in which nicotinamide adenine dinucleotide (NADH) provides electrons to reduce molecular oxygen to water. The resultant electrochemical proton gradient induces ATP synthesis by ATP synthase. A set of large protein complexes are involved in this process; major complexes include, in addition to the ATP synthase, NADH-ubiquinone reductase (complex I), succinate-Q reductase (complex II), cytochrome bc1 complex (complex III; also called coenzyme Q: cytochrome c-oxidoreductase), and cytochrome c oxidase (complex IV). Several precise structures have been resolved for some of these complexes, which significantly improves our understanding of their multimeric organizations and the atomic basis of biochemical functions (6, 9, 14, 31, 33, 38) . It has been shown that each of these respiratory complexes features containing multisubunits, which comprise not only central subunits, but also many short trans-membrane subunits (sTMs) (14, 39) . In contrast to central subunits that are essential for the bioenergetic core function, these sTMs are not directly involved in electron/proton transfers; instead, they are believed to exert a role in proper assembly, stabilization or conformational movement of respiratory complexes (11, 39) . Very recently, several sTMs have been shown to be implicated in a wide variety of metabolic and neural pathologies (18 -20, 25, 27) . For example, a missense mutation of NDUFA1 was found to be associated with a progressive neurodegenerative disorder in a human family and this mutation induces a decrease of both activity and stability of the complex I (25) . In the mouse, loss of NDUFA4 subunit of the complex I is found to result in progressive encephalopathy, a phenotype resembling Leigh syndrome (27) . Thus, with these lines of new evidence, a demand exists to re-examine the function of sTMs and understand their contributions in the context of diseases.
In the present study, we have identified a previously uncharacterized trans-membrane (TM) subunit that we have named Stmp1 of mitochondrial respiratory complexes. We show that Stmp1 is highly expressed in the adult zebrafish brain. In larvae, antisense morpholino oligonucleotides (MO)-knockdown Stmp1 resulted in dysfunction of respiratory activities as revealed by ventilation frequency analysis. We also for the first time studied the phyletic patterns for all the defined sTMs from respiratory complexes and concluded that like typical sTMs, Stmp1 has evolved as a new or complementary component for respiratory complexes and may regulate their stabilization, assembly or conformational movement. In contrast to most sTMs-related disease models established in mammals (19, 25, 27) , our Stmp1-MO zebrafish could be a unique teleost model for studying mechanisms of mitochondrial disorder in neurodegenerative diseases.
MATERIALS AND METHODS
Homology searches, sequence/structure analysis, and phylogenetic profiling. In screening the effects of the selective serotonin reuptake inhibitor fluoxetine we found an expressed sequence tag that was significantly upregulated in goldfish hypothalamus (23) . The cDNA clone sequence (08c01) from our Carp-Goldfish cDNA microarray (version 1.0) (37) was used initially in BLASTN and BLASTX searches at the National Center for Biotechnology Information (NCBI), which identified the zebrafish homolog (GI: 292612513). This zebrafish sequence was further used as a query for PSI-BLAST (2) searches against the protein nonredundant database to identify homologs in other species. A profile inclusion expectation value threshold was set to 0.01, and a substitution matrix of BLOSUM62 and the gap penalty (existence, 11; extension, 1) were utilized for scoring. During each iteration, manual examination and reverse searches are applied to include some homologs whose e-value is Ͼ0.01. The searches were iterated until convergence.
Multiple sequence alignments were built by the MUSCLE program (8), followed by manual adjustments. The consensus for alignments was calculated and colored by the Chroma program (12) . Putative secondary structures were predicted using the PSIPred program (22) . TM helical regions were predicted using HMMTOP (32), SLLIT (16) and TMpred (http://www.ch.embnet.org/software/TMPRED_form. html). Structural visualization and manipulations were performed using the PyMol (http://www.pymol.org) program.
For phylogenetic profiling, we first compiled a dataset of representative subunits of mitochondrial respiratory complexes (including I, III, IV, and ATP synthase) that were either defined by structural examinations or retrieved from published literature. PSI-BLAST searches were used to collect all the homologs available in other species. Similarly, we applied manual examinations and reverse searches to check and include putative distant homologs. Taxonomic classification was retrieved from the NCBI taxonomy database (10). We also included some known sTMs of photosystems (such as PII and cytochrome b6f) as a contrasting dataset to distinguish sTMs of respiratory complexes. A binary dendrogram was created by the MultiExperiment Viewer program (28) .
Animal maintenance. Zebrafish and embryos were maintained according to the standard methods described in Ref. 34 . One-cell-stage embryos were used for morpholino microinjection, which we performed using a Narishige IM300 microinjector. Injected and wild-type (noninjected) embryos were raised at similar densities at 28.5°C until use. All experiments were performed according to the guidelines of the Canadian Council on Animal Care and were approved by the University of Ottawa Animal Care Committee.
Stmp1 mRNA expression pattern by RT-PCR assay and in situ hybridization. Total RNA was extracted from embryos at different embryonic stages and different adult tissues with the RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada), and reverse transcribed into cDNA using the SuperScript II RT kit (Invitrogen, Burlington, ON, Canada) according to the manufacturer's instructions. The Stmp1 mRNA expression levels were determined by PCR reactions with the following primers: Stmp1 forward, 5=-ATGATGCAATTCATACT-TGGC-3=; Stmp1 reverse, 5=-TCATTCTGGAGGTTTCTTCTTG-3=. ␤-Actin mRNA level was used as a control: ␤-actin forward, 5=-TGGATGAGGAAATCGCTGCC-3=; ␤-actin reverse, 5=-TCTTCT-CTCTGTTGGCTTTGGG-3=. The identity of the amplicons was verified by sequencing.
Whole mount in situ hybridization under stringent conditions was performed as described in Ref. 35 . Embryos were killed with an overdose of MS222 (ethyl 3-aminobenzoate methanesulfonate; SigmaAldrich, Oakville, ON, Canada), fixed in 4% paraformaldehyde in phosphate-buffered saline, then dehydrated in 100% methanol, and stored at Ϫ20°C in 100% methanol until use. The Stmp1 anti-sense probe was synthesized from the reverse transcribed whole length zebrafish Stmp1 cDNA (141 nucleotides).
Morpholino knock-down of Stmp1. Anti-sense MO knock-down methodologies are well established in our laboratory (34) . The MO was designed specifically to be complementary to the genomic intron 1 and exon 2 boundary of zebrafish Stmp1 (5=-AGCCAAGCTG-GAAAAACACAAATGA-3=). Stmp1-MO and a standard control-MO (5=-CCTCTTACCTCAGTTACAATTTATA-3=) were purchased from Gene Tools (Philomath, OR) and were stocked with nuclease-free water and diluted with Danieau buffer to different concentrations. Phenol red was added to the MO injection solution at a final concentration of 0.05%. The efficiency of MO knock-down Stmp1 mRNA was confirmed by RT-PCR as described above. The morphology of Stmp1 morphants was examined under a Nikon SMZ1500 dissection microscope and pictures were taken using a Nikon DXM 1200C camera (Nikon, Mississauga, ON, Canada).
Ventilation frequency measurements. Previously established procedures for measuring ventilation frequency in zebrafish were employed (15) . Once the embryos achieved the desired stage of development [3 and 5 days postfertilization; (dpf)], they were placed into a chamber constructed from a glass bottomed 35 mm dish (MatTek, Ashland, MA) that had a central well of 14 mm diameter. A piece of nylon mesh was placed over the well to confine the zebrafish larvae, and a molded Sylgard (184 Silicone Elastomer Kit; Dow Corning, Midland, MI) ring was placed over the mesh to keep it in place during the experiments. The chamber was continuously perfused at 4 ml/min with dechlorinated water. Larvae were lightly anaesthetized with 0.05 mg/ml MS222 dissolved in the perfusate. Zebrafish were transferred to the chamber using a Pasteur pipette containing a small volume of dechlorinated water and allowed to recover from transfer for 3 min. Observations were made using a stereomicroscope (Leica MZ6).
We determined behavioral responses to hypoxia by observing the rate of the gill/opercular movement and buccal pumping. We produced hypoxia (23 mmHg) by bubbling the solution in a 500 ml reservoir with nitrogen gas and verified it using an oxygen meter (YSI model 55; YSI, Yellow Springs, OH). Control solution (150 mmHg) was kept in a separate reservoir. Tubing to connect the perfusate to the perfusion chamber was gas impermeable (Tygon; Saint-Gobain Performance Plastics, Pittsburgh, PA). Resting ventilation frequency measurements were first recorded in normoxic solution. The frequency of movements was recorded manually with a hand-held counter and stopwatch (Fisher Scientific) over a period of 30 s. After the hypoxic solution had been introduced for 3 min, the frequency of movement was recorded again. Values were expressed as the number of gill/opercular beats/min. Ventilation frequency measurements of control-MO and Stmp1-MO injected fish were completed in the same manner.
Statistical analysis. The data for ventilation frequency were not normally distributed, so we present ventilation frequency for each larva, and the median values in each group are indicated by the red line. Online freeware (http://www.graphpad.com) for Fisher's exact test was used to test for response to hypoxia in the wild-type and control-MO and Stmp1-MO groups.
RESULTS AND DISCUSSION
Zebrafish Stmp1 belongs to a short TM domain family. BLASTN and BLASTX searches found a close zebrafish homolog (GI: 292612513) of the cDNA clone (08c01) printed on our goldfish microarray; however, its function has not been characterized. We used the zebrafish sequence as a query in iterative profilebased PSIBLAST searches that further identified a series of distant-related homologs in other species including vertebrates, flies, nematodes, filasterea, choanoflagellida, amoebozon, and plants (Fig. 1A) . Importantly, a bovine homolog of what we now call Stmp1 was previously reported to be located in the mitochondrial membrane and was copurified with subunit 9 of mitochondrial respiratory complex III (5); next we will give a functional justification of this evidence.
Sequence analysis revealed several unique features for Stmp1 proteins. First, most retrieved Stmp1 proteins are single domain proteins with a length ranging from 40 to 60 amino acids, and a few contain a variable NH 2 -terminal extension that may arise from incorrect genome annotation. Multiple sequence alignment showed that the NH 2 -terminal half of the protein is the most conserved region featuring many hydrophobic residues. Followed by this is a polar region that comprises a cluster of charged (mostly positive) residues (Fig. 1A) . Secondary structure prediction suggested that a potential ␣-helix could be formed by the NH 2 -terminal hydrophobic part, which is also strongly predicted to be a TM region by several programs we employed. Moreover, the positive-residue-enriched region of Stmp1 proteins likely serves another indicator of membrane localization according to the positive-inside rule for a TM protein (16) . Thus, the sequence and structural features support a membrane-spanning nature for Stmp1 proteins.
It is to be noted that such types of small-size proteins with single or two ␣-helical TMs are relatively rare in biological systems; therefore, finding similar protein families may provide some further functional clues to Stmp1 proteins. Unexpectedly, by systemic examination of the protein domain database PFAM (26), we were able to identify many protein families that, although bearing no similarity in sequence, share similar features such as small size, the presence of a single or two TM region, and a charged region at the COOH terminus. Interestingly, all of these short TM domain families share a common functional theme and act as small subunits of mitochondrial respiratory complexes, such as subunit e of ATP synthase (PF05680 in PFAM), subunit 8 (PF02939), and subunit 9 (PF05365) of complex III, COX6A of complex IV (PF02937) and also several subunits of complex I (NDUFA1, NDUFA4, et al.). One of them, subunit 9 of complex III is the one that was shown to interact with bovine Stmp1 (5). The general structural locations of known sTMs of complexes III (14) and IV (31) are indicated in Fig. 1B . Based on the aforementioned lines of evidence, we predicted that the Stmp1 is a novel subunit of mitochondrial respiratory complex with a similar membrane location as known sTMs.
Stmp1 gene expression pattern. We used a zebrafish model to study the gene expression pattern of Stmp1. RT-PCR was first applied to examine the temporal and spatial pattern of Stmp1 mRNA expression. As shown in Fig. 2A , the Stmp1 mRNA displays stable expression during embryogenesis with more abundance after 5 dpf. In adult zebrafish, we found a dominant expression of Stmp1 in brain compared with other tissues like heart, muscle, and liver (Fig. 2B) . We also used whole mount in situ hybridization to examine the expression of Stmp1 in zebrafish embryos at early stages (1-3 dpf), which shows a relatively widespread pattern (Fig. 2, C-H) .
Morpholino knock-down of Stmp1 during embryogenesis. To examine the potential role of Stmp1 during embryogenesis, we employed an anti-sense MO to knock down the expression of Stmp1 mRNA. The Stmp1-MO was specifically complementary to the boundary sequence of intron 1 and exon 2, which will induce an alternative splicing of Stmp1 pre-mRNA and result in the deletion of exon 2 that encodes for the TM domain of the Stmp1 protein. We tested different concentrations of Stmp1-MO and found that the Stmp1 mRNA was efficiently reduced ϳ70% when 2 ng MO per embryo was injected (Fig. 3A) . When injected with higher doses (e.g., 4 ng, 8 ng) of Stmp1-MO, embryos showed significant embryonic mortality (Ͼ80%). The efficiency of deleting exon 2 by stmp1-MO was confirmed by sequencing (data not shown). As shown in Fig. 3 , embryos injected with Stmp1-MO did not exhibit any apparent morphological defects compared with uninjected control embryos at 1 dpf. In contrast, starting from 2 dpf, Stmp1 morphants were smaller, and Ͼ80% of them had an abnormal head shape compared with controls ( Fig. 3E) . At 4 -5 dpf, all control larvae grew normally (Figs. 3, H and J) , whereas Ͼ85% of Stmp1 morphants exhibited multiple abnormal organ development including smaller eye, abnormal head shape, malforma- Fig. 1 . A: multiple sequence alignment of Stmp1 proteins. The consensus in 90% of the sequences is shown below the alignment. The polar resides clustered at the COOH-terminal part are labeled in blue for basic residues and red for acidic residues. The trans-membrane region is shown in orange, whereas the COOH-terminal region may adopt another short ␣-helical structure, shown in light orange. B: structural representatives of known sTMs of cytochrome bc1 complex (complex III, 1bgy) and cytochrome c oxidase (complex IV, 1occ). Primary subunits of each complex are shown in blue; short trans-membrane subunits (bc1_8, bc1_9, and bc1_10 from the complex III, and COX6A, COX6C, COX7A, COX7B, COX7C, COX8 from complex IV) are shown in orange.
tions of the jaw, cardiac edema, and a delayed yolk sac resorption (Figs. 3, I and K) . In addition, almost all of these Stmp1 morphants had an uninflated swim bladder. They rested at the bottom of the dish most of the time and had no response to a touch stimulus (data not shown). Most Stmp1-MO-injected animals died by 1 wk of age. Survival in the controls was 95% at 1 wk.
Stmp1-MO injected fish exhibit defective ventilatory activity. Since our analysis suggests that Stmp1 is a novel sTMs of the mitochondrial respiratory complex, we asked whether Stmp1-MO induced defects were associated with any dysfunction of respiration. It has been shown that zebrafish larvae have a normal response to acute hypoxia with an increased gill ventilation frequency (15) , and it is strongly controlled by complete mitochondrial activities (such as O 2 sensing) mostly embedded in the ventilatory centers of the CNS (21) . Here, this response to hypoxia was used as a measure of functionality for respiratory activities at the whole animal level. Given the expression of Stmp1 in brain and its function in respiratory complexes, which are the last stations for O 2 consumption, we hypothesized that loss of Stmp1 may disrupt typical ventilatory activities in Stmp1-MO fish due to a dysfunction of mitochondrial respiratory complexes.
We studied ventilation frequency at both 3 and 5 dpf. The data are shown in Fig. 4 . Each larva was exposed to normoxic and hypoxic conditions. At these ages ventilatory mechanisms are developing, and basal rates can be variable. However, the response to mild hypoxia is a robust indicator of ventilatory capacity. We considered that an animal responded to the hypoxic challenge if its ventilation rate increased. The number of animals responding to hypoxia at 3 dpf was 17/20, 15/20, and 0/20 for the WT, control-MO, and Stmp1-MO groups, respectively. Fisher's exact test indicated that the number of larvae responding to hypoxia at 3 dpf was lower in the stmp1-MO group compared with the WT and control-MO groups (P Ͻ 0.0001). Similar results were observed at 5 dpf. The number of animals responding to hypoxia at 5 dpf was 17/20, 18/20, and 2/20 for the WT, control-MO, and stmp1-MO groups, respectively. Fisher's exact test indicated that the number of larvae responding to hypoxia at 5 dpf was lower in the Stmp1-MO group compared with the WT and control-MO groups (P Ͻ 0.0001).
Phylogenetic profiling revealed that Stmp1 exhibits a distinct phyletic distribution compared with known sTMs of the mitochondrial membrane respiratory complexes. So far our sequence and structural prediction analyses and morpholino knock-down experiment have indicated that Stmp1 is a potential sTM in mitochondrial respiratory complexes. As shown previously, many sTMs are present in those complexes. Here we wanted to know if there are any functional differences between Stmp1 and other known sTMs. To answer this question, we applied computational phylogenetic profiling (24) to examine the phyletic distribution of Stmp1 and sTMs. We collected most known sTMs of respiratory complexes that were defined by either our structural examinations or published literature (4, 39) . This dataset included six sTMs from complex I (NDUFA1, NDUFA4, NDUFB2, NDUFB11, NDUFB12, NDUFC2), three from complex III (subunits 8, 9, 10), six from complex IV (COX6A, COX6C, COX7A, COX7B, COX7C, and COX8), two from ATP synthase (subunits e and g). We also included some known sTMs from photosystems (such as PII and cytochrome b6f), including PsbE, PsbF, PsbH, PsbL, PsbW, and b6f5 (13, 30) . Photosystems are evolutionarily related to mitochondrial respiratory complexes, and they are mainly found in plants and cyanobacteria (36) . It is generally recognized that the sTMs of photosystems are functionally equivalent to those in respiratory complexes (29, 30) . Although the clear sequence similarity between them cannot be detected, they do share a similar sequence and structural features. In our analysis, sTMs from photosystems were used as a contrasting dataset to distinguish the distribution features of sTMs in respiratory complexes.
As shown in Fig. 5 , all collected respiratory sTMs including Stmp1 are present in eukaryotes. In contrast, sTMs from photosystems are found in cyanobacteria, plants, and some early-branching eukaryotes such as glaucocystophyce, haptophycease, cercozoa, cryptophyta, rhodophyta. This overall pattern is consistent with the functional contribution and presence of respiratory complexes or photosystems to these species. Among lineages such as euglenozoa, alveolata, and stramenopiles, some species contain respiratory sTMs, whereas others contain photosystem sTMs. This suggests that some early- These data indicate an effective reduction in full-length Stmp1. B-K: the morphology of Stmp1 morphants was examined at various stages (1-5 dpf). Arrows indicate typical phenotypes of Stmp1 morphants including abnormal head shape (E, G), cardiac edema (I), and small eyes (K). Scale bars represent 500 m. At least 3 independent experiments confirmed these observations. branching eukaryotes have independently acquired either respiration or photosynthesis as their energy-synthesis system. For sTMs from respiratory complexes, most of them are present in early eukaryotes, plants, amoebozoa, fungi, filasterea/choanoflagellida, and animals, such as all six complex I subunits, subunits 8 and 9 from complex III, COX6A from complex IV (but missing in amoebozoa) and subunit g from ATP synthase (Fig. 5) . However, other respiratory sTMs exhibit a limited or unique phyletic distribution. For instance, subunit 10 from complex III is found in amoebozoa, fungi, filasterea/choanoflagellida, animals; both COX6C and COX7A of complex IV found in filasterea/choanoflagellida and animals; COX7B of complex IV only in vertebrates; COX8 only in animals; and subunit e of ATP synthase in fungi, filasterea/ choanoflagellida, and animals. The overall differential phyletic distribution of these respiratory sTMs indicates that they are products of evolutionary innovation and evolved to fulfill lineage-related functional requirements to respiratory complexes. In this sense, Stmp1 may follow a similar principle in that it exhibits unique presence in plants, amoebozoa, filasterea/choanoflagellida, and animals, but not in fungi and early eukaryotes. This suggests that Stmp1 may have a similar or equivalent role as other sTMs, but in those lineages it may provide another or complementary level of regulation in respiratory complexes.
General Conclusion
By using both computational inference and experimental methods, we have uncovered a novel family of sTMs, Stmp1. Stmp1-MO knock-down produced zebrafish larvae with mild morphological defects and significant ventilatory problems. These phenotypes of Stmp1 morphants are in some aspects similar but somewhat less severe than the ones seen in COX5A-deficient zebrafish (3). For example, COX5Aa-MO, COX5Ab morphants similarly had no or uninflated swim bladders, small eyes, diminished jaw tissue, an abnormal head shape, and a reduction in spontaneous swimming and in response to touch. Furthermore, Stmp1 morphants showed a delayed resorption of the yolk sac, a phenotype consistent with reduced respiration and hence yolk substrate utilization for energy (17) . Indeed, a dysfunction of respiratory activities is revealed in those Stmp1-MO fish that displayed no ventilation frequency response to hypoxia. Interestingly, the Stmp1 transcript was initially identified in goldfish brain after a 2 wk treatment with fluoxetine (23) . Several other mitochondrial genes, such as ATPase inhibitory factor 1, were also differentially expressed, in line with the known effects of selective serotonin reuptake inhibitors to modulate mitochondrial function (1, 7). We were able to examine phyletic distribution for all known sTMs of respiratory complexes and conclude that their origins are quite independent. However, with similar sequence/structural features shaped by their common function, they (including Stmp1) represent results of evolutionary innovations to confer the regulation of respiratory activities in different lineages. Taken together, these lines of evidence support a role of Stmp1 in mitochondrial respiration. 
